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Holographic imaging of electromagnetic fields via
electron-light quantum interference
I. Madan1*, G. M. Vanacore1*, E. Pomarico1, G. Berruto1, R. J. Lamb2, D. McGrouther2,
T. T. A. Lummen1†, T. Latychevskaia1, F. J. García de Abajo3,4, F. Carbone1‡

Holography relies on the interference between a known reference and a signal of interest to reconstruct both the
amplitude and the phase of that signal. With electrons, the extension of holography to the ultrafast time domain
remains a challenge, although it would yield the highest possible combined spatiotemporal resolution. Here, we
show that holograms of local electromagnetic fields can be obtained with combined attosecond/nanometer reso-
lution in an ultrafast transmission electron microscope (UEM). Unlike conventional holography, where signal and
reference are spatially separated and then recombined to interfere, our method relies on electromagnetic fields to
split an electron wave function in a quantum coherent superposition of different energy states. In the image plane,
spatial modulation of the electron energy distribution reflects the phase relation between reference and signal
fields. Beyond imaging applications, this approach allows implementing quantum measurements in parallel,
providing an efficient and versatile tool for electron quantum optics.
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INTRODUCTION
Holography allows capturing both the phase and the amplitude of a
signal distribution by superimposing it with a known reference. This
idea was originally proposed byGabor (1, 2) to improve the resolution
of an electron microscope. He first demonstrated the principle using
light optics, while holography with electrons was shown shortly after-
ward (3). With the invention of intense coherent light sources (lasers)
and theirmost recent technological advancements, optical holography
has become a popular technique for three-dimensional (3D) imaging
of macroscopic objects, security applications (4, 5), and microscopic
imaging (6). Electron holography (7, 8) has been successfully used in
materials science (9) and also to image electrostatic potentials (10, 11)
and magnetic structures (12). More generally, the holography princi-
ple can be extended to any kind of detection configuration involving a
periodic signal capable of undergoing interference, such as sound
waves (13), x-rays (14), or femtosecond pulse waveforms (spectral ho-
lography) (15).

Various recent experiments have been implemented to extend the
concept of holography from a static imaging method to a dynamical
probe, capable of recording the temporal evolution of both the ampli-
tude and the phase of a signal. Time-resolved optical holography has
been successfully realized in the femtosecond regime (16, 17) and fur-
ther used in combination with photoemission for plasmon imaging
with enhanced spatial resolution in time-resolved photoemission elec-
tron microscopy (tr-PEEM) (18, 19).

The introduction of temporal resolution in electron holography
is more challenging, and so far, the adopted schemes use temporal
gating working in the microsecond time scale (20, 21). Reaching the
ultrafast domain could become a reality owing to recent develop-
ments in the ultrafast transmission electron microscope (UEM), in
which femtosecond lasers are used to create ultrafast electron pulses
(22, 23). Those developments have enabled real-time filming of elec-
tronic collective modes (24–26), strain fields (27), and magnetic tex-
tures (28, 29) with a temporal resolution down to a few hundred
femtoseconds. Holography with ultrafast electron pulses should also
be attainable (23, 30), yielding similar time resolution and allowing
subpicosecond imaging of magnetic and electric fields to be per-
formed. However, most applications of interest involve spatially re-
solved phase dynamics of electromagnetic fields on the time scale of
one to a few femtoseconds. These include electronic excitations in
condensed matter, nonradiative energy transfer in molecules, and
excitonic currents and condensates, as well as optical fields in meta-
materials and photonic crystals.

Here, we demonstrate a time-domain holographic imaging tech-
nique implemented in UEM and based on the quantum coherent in-
teraction of electron wave packets with multiple optical fields. We
illustrate this method by capturing attosecond/nanometer-resolved
phase-sensitive movies of rapidly evolving local electromagnetic fields
in plasmonic structures, which serve as an example of nanoscale im-
aging of phase dynamics. We implement two experimental config-
urations. The first and simplest one relies on using electron pulses to
map the optical interference between a polaritonic reference and a
polaritonic signal, both excited with ultrashort light pulses, which is
similar to near-field optical or tr-PEEM instruments. The second im-
plementation, which is conceptually different and unique to UEM, is
based on Ramsey-type interference (31) and relies on the coherent
modulation of the electron wave function by means of spatially sepa-
rated reference and signal electromagnetic fields. Because the inter-
action with the sequence of optical fields occurs along the electron
propagation direction, the constraint imposed by high transverse elec-
tron coherence, necessary for conventional electron holography, is
now removed. This limitation has so far prevented the practical reali-
zation of holography in time-resolved experiments using pulsed elec-
trons, particularly because multielectron pulses necessary for imaging
applications have degraded coherence. Besides the obvious implications
for the investigation of ultrafast coherent processes at the nanometer
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length scale, we show that our approach could be used for accessing
the quantum coherence of generic electronic states in a parallel
fashion, which can be relevant for future electron quantum optics
applications.
 on A
p

http://advances.sciencem
ag.org/

D
ow

nloaded from
 

RESULTS AND DISCUSSION
Conventional and holographic photon-induced near-field
electron microscopy imaging
A simple implementation of holographic UEM is based on local in-
terference of two fields, which, in the present study, we realize using
two propagating surface plasmon polaritons (SPPs). We first de-
scribe the interaction mechanism of the electron pulse with a single
SPP (Fig. 1A) and then examine the holograms produced by inter-
ference between the two SPPs (Fig. 1B).

In conventional photon-induced near-field electron microscopy
(PINEM) (24), electrons inelastically absorb or emit photon energy
quanta ℏw (1.57 eV in our experiment). Filtering the inelastically
scattered electrons allows one to form real-space images of the plas-
mon field (24). The time resolution in PINEM is set by the duration
tel of the electron pulses, which restrains the ability to perform real-
space dynamical imaging to a few hundred femtoseconds (23–25).
This time scale is in fact roughly two orders of magnitude longer than
the plasmon period and even longer than the duration of the plasmon
wave packet determined by the 55-fs light pulse duration. While high
spatial resolution can be achieved by monitoring plasmonic standing
waves (32), for a traveling SPP, the electron pulse duration limits spa-
tial resolution to Dx ~ telvg, where vg is the plasmon group velocity.
This is schematically shown in Fig. 1A. For the SPPs at the Ag/Si3N4

interface studied here, the resulting blurring in the real-space image
is typically Dx ~ 50 mm, which is comparable with the plasmon decay
length (~65 mm in our system).

This problem of blurring can be overcome via a holographic ap-
proach, which uses a second SPP wave used as a reference, to create
an interference pattern with the SPP of interest. This interference
forms only when both waves overlap in space and time (Fig. 1B). De-
Madan et al., Sci. Adv. 2019;5 : eaav8358 3 May 2019
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noting k1 and k2 as the wave vectors of the two SPPs, the electric field
associated with the interference pattern becomes

Etotðr; tÞ ¼ E cosðk1˙r� wtÞ þ E cosðk2˙r� wtÞ
¼ 2E cosððk1 � k2Þ˙r=2Þcosððk1þ k2Þ˙r=2� wtÞ ð1Þ

Here, we consider only the component of the electric field that con-
tributes to the interaction, namely, the one parallel to the electronmo-
mentum (33). The final response is defined by the integral of the field
amplitude over the electron pulse duration. As our optical pulses com-
prise ~35 oscillation periods (4s pulse duration), the amplitude of
the oscillatory component averages out over the time, thus reducing
the contribution of the rightmost cosine factor of Eq. 1 to a constant
factor in the inelastic intensity, eliminating spatial oscillations with
k1 + k2 and leaving only those with k1 − k2. The resulting energy-
filtered image is thus a hologram with interference fringes of period
2p/∣k1 − k2∣ (see Fig. 1B).

When the SPPs are launched by independent pulses, one can tune
the relative delay between the reference and the field of interest with
subcycle precision (330 as in this work), therefore obtaining the real-
space evolution of the phase of the electric field. Moreover, the finite
duration of the reference pulse provides a temporal gate, effectively
improving the temporal resolution of PINEM in tracking group ve-
locities down to the duration of the laser pulse, in our case, 55 fs. A
similar concept has been presented in (34) to control the temporal
profile of the electron pulse using a sequence of two incoherent in-
teractions with a visible and near-infrared (IR) pulses, whereas here,
the adoption of two phase-locked light pulses provides a fundamen-
tally higher signal-to-background ratio (up to 100%) and gives direct
access to the phase dynamics.

To demonstrate the holographic PINEM concept, we have imple-
mented the experiment described in Fig. 1B using a nanostructure
composed of two perpendicular slits, fabricated by Ga ion milling of
a 43-nm-thick Ag film deposited on a Si3N4 membrane (Fig. 1, inset).
Each slit radiates SPPs at the interface between Ag and Si3N4 when
excited with light polarized normally to its long edge (see Materials
and Methods for more details). The experiment is conducted under
a critical angle condition (35) that minimizes the interaction of the
electron with the light beam interrupted by the film (see Materials
and Methods).

In Fig. 2, we show the holograms formed by the two SPPs with rel-
ative pulse delays of −77, −20, 0, and 22 fs. These real-space images
of the plasmonic field are obtained by energy-filtering inelastically
scattered electrons (see Materials and Methods) (33, 36). By varying
the delay between the two light pulses, the position of these interfer-
ence patterns changes across the square area delimited by the two slits,
moving from the left-bottom part at negative times to the top-right
region for positive delays (see also movies S1 and S2). This demon-
strates the gating effect of the reference pulse, showing that the envel-
ope of the interference pattern is defined by the optical and not by the
electron pulse duration. The intensity profiles at each time delay
plotted along the k1 − k2 direction (marked by the arrow in Fig. 2A)
are shown in Fig. 2 (E to H).

Access to the phase dynamics allows us to measure the phase ve-
locity vp (see Fig. 2I and movie S2), while the improved temporal
resolution of this method enables the determination of the group ve-
locity vg (Fig. 2J andmovie S1). By taking into account the geometrical
arrangements of the beams and the slits (see Materials and Methods
A B

Fig. 1. Conventional versus holographic PINEM imaging. (A) In conventional
PINEM, propagating SPPs are imaged with long electron pulses, rendering only its
time-averaged envelope with a spatial resolution Dx ~ telvg. (B) In local holographic
PINEM, two SPPs propagate with orthogonal wave vectors k1 and k2 forming a
standing wave pattern along the direction k1 − k2, which is imaged as a periodic
modulation in PINEM (the hologram). The interference contrast appears only when
the two pulses overlap in space and time. Inset: SEM image of a fabricated structure.
Black regions are grooves, which serve as plasmon sources. CCD, charge-coupled
device.
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andnote S1),we obtain vp = 2.69 ± 0.05 × 10
8m/s and vg = 1.95 ± 0.07 ×

108 m/s, which agree well with the estimated theoretical values of vp =
2.64 × 108 m/s and vg = 2.04 × 108 m/s, respectively. Because our tech-
nique is essentially a spatially resolved temporal cross-correlation
method, the characterization of the wave package cross-correlation
can be performed with arbitrary precision, in our case, 330 as.

Spatially separated quantum holography
The holographic approach presented above can be greatly generalized
using the coherence between the different energy states of the quan-
tum ladder in which the electronic wave function is split upon inter-
acting with light (35, 37, 38). This method exploits the fact that the
electrons carry information about the amplitude and the phase of
the optical field even after the interaction is finished. Thus, the result
of any ensuing interaction of the electron will depend on the relative
phase between the initial and subsequent optical fields (31). This
allows us to separate in space the interfering fields, enabling in turn
the adoption of more practical reference fields.
Madan et al., Sci. Adv. 2019;5 : eaav8358 3 May 2019
In particular, we make use of a semi-infinite light field created by
the reflection of the optical beam from an electron-transparent opti-
cal mirror (Fig. 3A). The interrupted optical field interacts with the
electrons via the inverse transition radiation effect (35, 39), therefore
creating a material-independent reference field, with nearly constant
spatial amplitude and phase, providing an optimum reference for
holography.

The interaction with this first optical field is captured in the spa-
tially homogeneous coupling factor b1, which is a complex number
uniquely determined by the amplitude and the phase of the optical
field, as well as the electron trajectory (33). The interaction with the
spatially varying signal field, occurring at a distance d further down
the electron path, is captured by a space-dependent coupling factor
b2(x, y). The total interaction is given by a simple sum of two complex
numbers b(x, y) = b1 + b2(x, y). The final energy distribution is
determined by the modulus |b(x, y)| (33, 40), which for slowly decay-
ing plasmon fields is predominantly determined by the spatially
dependent phase difference Dφ(x, y) between the two optical fields.
A

E F G H

B C D
I J

Fig. 2. Holographic images formed by two pulses of orthogonal polarization at different delays. (A to D) Micrographs of PINEM images for different values of the
relative time delay Dt between the photo-exciting pulses, as indicated in each image. Scale bars, 2 mm. The SPP emitted from the vertical slit propagates from left to right.
Correspondingly, the interference pattern moves from the bottom-left to the top-right corner. (E to H) Modulation of the electron counts along the k1 − k2 direction
indicated in (A), calculated as the average of counts along the direction orthogonal to k1 − k2, taken within the dashed square indicated in (A). (I) Evolution of the profiles
shown in (E) to (H) as a function of delay between the two pulses; because of the experimentally adopted sample orientation, retardation effects cause the slope of the
fringes (see dashed line as a guide) to be decreased by a factor of 0.71 with respect to the SPP phase velocity (see Materials and Methods). (J) Envelope of the interference
pattern as a function of delay between the two pulses, with the slope of the peak (see dashed line as a guide) also decreased by a factor of 0.71 with respect to the SPP
group velocity. Envelope data have been acquired in a separate measurement over a longer delay span and with larger time steps. a.u., arbitrary units.
Fig. 3. Principle of spatially separated electron holography. (A) The initial energy distribution of the electron beam is a function of energy that is singly peaked at
E = E0 (right). Interaction with the reference field produces coherent superposition states with energies E = E0 ± nℏw. The ensuing interaction with an SPP depends
on the relative phase between SPP and reference fields, which results in a position-dependent electron energy distribution. The elastic part of the electron spectrum
is then used to form the 2D hologram. The spectra on the right are simulations from an analytical model (see Materials and Methods). (B) Hybrid energy-space map
(spectrogram) of the electrons after interaction with the two fields, as schematized in (A). (C) Spatial profiles of the normalized intensity for elastic (blue curve) and
inelastic (red curve) electrons, as obtained from (B) by energy-averaging from −1 to 1 eV for the elastic contribution and from −27 to −12 eV for the inelastic one.
(D) Energy profiles at the maximum and minimum of the spatial modulation shown in (B), averaged over four periods.
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In Fig. 3 (B to D), we show the experimentally measured variation
of the electron energy distribution as a function of the distance of an
electron beam from a directional plasmon emitter, formed as a result
of the above-described spatially separated interference. The distribu-
tion has the periodicity of the plasmon wavelength, in both the elastic
and inelastic channels, which have opposite phases [see Fig. 3C, where
we plot the energy profile corresponding to the maximum (red) and
minimum (blue) of the elastic peak, which correspond toDφ= p and 0,
respectively].

The interaction strength b depends on the electric field ampli-
tude linearly as

bðx; yÞ ¼ e
ℏw
∫
∞

�∞e
�iwz

v E1ðzÞe�if1dz þ
e
ℏw

e�
iwd
v ∫

∞

�∞e
�iwz

v E2ðx; y; zÞe�if2ðx;yÞdz

Here, E1, φ1 and E2, φ2 are amplitudes and phases of the reference
and signal fields, respectively, e and ℏ are fundamental constants,
and v is the electron velocity. The linearity of this formula implies that
the nonlocal interference contrast is mathematically equivalent to the
previously discussed case of local interference. The only difference is a
constant phase offset e−iwd/v between the two fields, which can be
compensated by properly choosing the mutual delay between them.
For fields that substantially vary not only within the (x, y) plane but
also along the z coordinate (3D nano-objects, nonplanar plasmonic
structures, etc.), the phase factor e−iwd/v produces an important con-
tribution to the overall contrast. It reflects the change in the phase of
the signal field due to retardation. In other words, it contains infor-
mation about the z distribution of the signal field, which can be direct-
ly retrieved because both the electron velocity and the light frequency
are known quantities. This would allow for a complete 3D phase to-
mography of the signal of interest to be performed and could be used
to reconstruct the complex electric field distribution around 3D par-
ticles or nanostructures.

The mathematical equivalence of local plasmon holography and
spatially separated quantum holography allows us to treat the re-
corded hologramswith the same formalism of propagating and stand-
Madan et al., Sci. Adv. 2019;5 : eaav8358 3 May 2019
ing waves. In the spatially separated realization, the homogeneous
reference field is noncollinear with respect to any propagating signal
field, ensuring the formation of a standingwave pattern. An additional
phase variation appears if the wavefront of the reference wave is tilted
with respect to themirrors surface, generating Doppler-like shifts (41)
in the interference pattern.

We present an observation of this effect in Fig. 4. We record holo-
grams formed by the tilted wavefront of the light reflected from a Ag
mirror and a plasmonwave emitted from a hole carved in theAg layer.
The tilted wavefront can be described by Eq. 1 through the addition of
the small in-planewave vector componentk2 = kph||, coherently super-
imposing on the in-plane plasmon wave vector k1 = kSPP, whose di-
rection is radial with respect to the center of the hole (see Fig. 4A). The
resulting pattern exhibits a periodicity k1 − k2 = kSPP − kph||, which is
direction dependent and leads to the Doppler effect shown in Fig. 4
(B and D). This effect is naturally absent in the untilted hologram
shown in Fig. 4C.

Detection of electronic quantum coherence
Besides the direct implications for the visualization of phase-sensitive
dynamics, our holographic approach can be useful for the characteri-
zation of the quantum state of a generic free-electron state, such as the
one generated in the photoemission process from a solid-statematerial
illuminated with ultraviolet (UV) light. This problem is of great inter-
est not only for UEM but also for free-electron lasers and attosecond
physics (42). It has been shown that, in the photoemission process,
electrons carry information about the phase of the exciting optical field
(43). However, because of several uncontrolled factors, such as screen-
ing potentials, scattering events, or external field inhomogeneities,
coherence is usually lost in part (44). While, in attosecond science, re-
liable techniques have been developed to investigate this issue (45, 46),
it is still a pending problem in UEM, which is particularly relevant
when targeting sub-electronvolt excitations (26) in condensed matter,
where the relevant energy is smaller than or comparable to the elec-
tron energy spread, and thus, beam coherence becomes an important
condition.

We stress that the quantum coherence of an electron state, while re-
lated, must not be confused with the coherence between the electrons
, 2021
Fig. 4. Doppler effect in spatially separated electron holography. (A) Schematics of the experiment. Top: A laser pulse of frequency w creates both a reference field
and a signal field. The reference is produced by reflection from the surface, with an in-plane wave vector dependence on the tilt angle q given by kph|| = (w/c)sinq. The
signal field is the SPP excited at the metal/dielectric interface, with a tilt-independent in-plane wave vector kSPP. Bottom: Change in the period of the hologram
depending on the relative direction of kph|| and kSPP. (B to D) Holograms observed for incident angles q = −20°, 0°, and 20°, respectively. Scale bars, 2 mm. (E to
G) Spatially resolved intensity profiles corresponding to the areas highlighted in white in (B) to (D).
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usually discussed in the context of electron holography. In the con-
text of holography, coherence rather refers to a measurement of the
monochromaticity and phase stability of the electron plane wave,
whereas quantum coherence in the context of the present study de-
scribes our ability to determine whether an electron is in a pure state
or rather entangled to the environment. In a quantum coherent state,
an electron can be in a superposition of states with vastly different en-
ergies and, as a consequence, without being very coherent in the holo-
graphic sense (i.e., not producing clear sinusoidal interference patterns
when subjected to interference experiments). The word coherence in
the quantum sense indicates that the phase between different energy
states is determined via the time evolution operator and is not random.
Inmathematical terms, quantum coherences of a state manifest in non-
zero off-diagonal terms of its density matrix. In our method, the inter-
action between the SPP and the electron makes a generic electronic
quantum state rin evolve unitarily into a space-dependent (distance x)
state rout(x). In this manner, off-diagonal terms of rin get projected
onto the observable diagonal terms of rout(x). As our approach is able
to simultaneously record spatial and spectral information (see Fig. 3B),
we can readily determine how the energy distribution of the final
electronic state varies with respect to x. This information can be used
to identify and characterize the quantum coherences of the initial state.

The model calculation presented in Fig. 5 shows how our method
can discriminate between a highly coherent (pure) and a fully in-
coherent (completely mixed) electron distribution, modeling the
density matrix rin of photoelectrons generated, for example, by UV
illumination of a solid target. These states are then made to interact
with a traveling plasmon polariton excited by a mid-IR (MIR) optical
Madan et al., Sci. Adv. 2019;5 : eaav8358 3 May 2019
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field with a photon energy significantly smaller than the energy width
of the photoemitted electrons. TheMIR andUV pulses are considered
mutually phase-locked (e.g., via harmonics generation), so that the
electron, if photoemitted in a pure state by carrying phase information
imprinted from the UV light, is also phase-locked to the MIR light.
First, we consider electrons emitted in a pure Gaussian state (Fig. 5,
A and B, and see Materials andMethods for details) for which the co-
herent interaction with the SPP field results in a generally asymmetric
spectrogram, whose shape strongly depends on the phase difference
between the SPP field and the UV photon used in the photoemission
process. We stress that this phase dependence is a general property of
any pure state spectrogram, while the asymmetry is not necessarily
observed and might be absent for some particular profiles of the wave
functions. In contrast, when considering the spectrogramof a complete-
lymixedGaussian state (Fig. 5, C andD), we find it to be symmetric and
phase independent. Thus, by observing the spatial dependence of the
electron energy distribution, we can establish whether there is partial
coherence in the photoemitted electrons.

This observation allows us to propose a further extension of the
UEM holographic imaging discussed above. Figure 5B suggests that
the spectrogram formed by coherent photoelectrons encodes informa-
tion about the spatial phase distribution of SPPs, evenwithoutmaking
use of the reference optical field, thus providing the most practical
realization of quantum holographic UEM.

Similar to the approach described by Priebe et al. (47), ourmethods
also provide sufficient information for the reconstruction of the com-
plete density matrix of an unknown electronic state, but now, in con-
trast to their approach, which consists in obtaining the density matrix
after multiple acquisitions with different phase or amplitude field con-
figurations, our scheme uses well-controlled spatially dependent SPP
fields to realize a number of projective measurements in a parallel
fashion. Besides purely practical aspects, the intrinsically parallel na-
ture of the acquisition method can be interesting in evaluating entan-
glement between single electrons. The position-dependent unitary
interaction not only allows us to project the electron state onto dif-
ferent measurement bases, which is a necessary tool for revealing en-
tanglement, but also allows us to simultaneously do it for different
electrons. This can be achieved using engineered apertures that di-
rect entangled electrons through the desired regions of the optical
field. In addition, coincident detection of the spectrum of entangled
electrons, directly applicable to our parallelized scheme, makes it pos-
sible to implement a Bell-type experiment for electrons.
CONCLUSIONS
In this work, we have demonstrated both local and spatially separated
holographic approaches based on ultrafast transmission electron mi-
croscopy. We have shown that these methods significantly improve
time resolution. In addition, because they are phase sensitive, they al-
low us to determine the phase and group velocities of the propagating
SPPs involved in the experiment. Moreover, the nonlocal character of
our method allows us to completely decouple the reference and probe
fields, which is not possible when relying on near-field optical or photo-
emission microscopy techniques. We remark that our demonstration
of spatially separated quantum holography is enabled by exploiting
the interaction with a semi-infinite light field, which provides a nearly
perfect material-independent reference. The extension of this method
to any local collective field promoting periodic modulation of the elec-
tron wave function is straightforward and offers a unique perspective
Fig. 5. Proposal for the determination of the coherence of photoemitted
electrons. (A) Density matrix of a fully coherent (pure) state created by photo-
emission. (B) Spatially dependent spectrogram formed after interaction of the
pure state with an SPP. (C) Density matrix of the completely mixed state. (D) Spec-
trogram formed after interaction of the mixed state with an SPP.
5 of 7
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mission electron microscope (TEM). Possible objects of interest to be
studied with this technique are atomic polarizabilities, excitons, pho-
nons, Higgs, and other collective and quasiparticle excitations in con-
densed matter systems. In addition, our method enables a spatially
resolved detection method of coherences in electron quantum states
with great potential for electron quantum optics applications.
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MATERIALS AND METHODS
Experimental
Electron-transparent samples were prepared by depositing through
sputtering a silver thin film (43 nm) on a Si3N4 membrane (30 nm)
suspended on an 80 mm by 80 mm window in a Si support. Grooves
completely penetrating the Ag film and partially penetrating the
Si3N4 membrane were produced by focused Ga ion beam milling.
The samples were mounted in a double-tilt TEM holder.

The 55-fs-long, 1.57-eV, 300-kHz repetition rate optical pulses
from a Ti:Sapphire regenerative amplifier were used as both signal
and reference fields. The third harmonic of these pulses was used
to produce electron pulses via photoemission from a LaB6 cathode.
Experiments were conducted in a modified JEOL-2100 TEM, as de-
scribed in (48).

In all of our experiments, the full width at half maximum of the
laser beams was 25 mm. For the local holography experiment, SPPs
were selectively excited by aligning the laser polarization with the
normal-to-edge direction; this was achieved bymaximizing the PINEM
response from a single pulse in the region of the sample where exci-
tation only from one nanocavity was present. Energy-filtered imag-
ing was performed using a Gatan GIF Quantum electron energy loss
spectrometer.

In our experimental setup, the light beam propagated at an angle of
4.5° ± 1° with respect to the direction of the electron beam, which was
oriented along the optical axis of the microscope. For the local inter-
ference experiment, the sample was tilted by 12° with respect to elec-
tron direction while maintaining the normal to the surface within the
plane defined by the light and electron beam directions. This allowed
us tominimize the contribution from the semi-infinite field reflected
by the flat sample surface, as, for these conditions, modification pro-
duced on the electron wave function by the incident and reflected
beams was exactly canceled (35). The presence of this tilt resulted
in retardation effects, which were manifested as a tilt of the plasmon
wavefront with respect to the edge of the groove sources. The images
presented in Figs. 2 and 4 are projections of the electron distribution
on the plane perpendicular to the optical axis of the microscope. Ge-
ometrical considerations accounting for the retardation effects and
the calculation of the corresponding corrections to the phase and group
velocities are presented in note S1.

Data analysis
The data presented in Figs. 2 and 4 were acquired in the zero-loss peak
suppression mode described in (26). To make the contrast more visi-
ble, we subtracted a slowly varying background in Fig. 2, approximated
by a 2Dparabolic function and originating predominantly in the beam
shape and a nonholographic PINEM offset. The magnification of the
images was calibrated with a 463-nm optical replica calibration sam-
ple. Presented images were median-filtered to remove off-scale pixels
produced by cosmic rays. The theoretical estimates of group and phase
velocities were conducted as described in (25).
Madan et al., Sci. Adv. 2019;5 : eaav8358 3 May 2019
Calculation of the electron spectra
The electron energy spectra shown in Fig. 3A were calculated as de-
scribed in (35) for electron and photon pulses of 60 fs and under a tilt
angle of q = 35°. The intensity of both reference and signal fields was
taken to be 0.13 GW/cm2.

Calculation of the spectrograms for the pure and mixed
electronic states
Two extreme types of electronic quantum states were considered as
input of the holographic technique considered in Fig. 5: a pure (p)
Gaussian state with wave function jy〉p ¼ ∑

i
gðEiÞjEi〉, where g(Ei)

is a Gaussian probability amplitude, and a completely mixed (cm)
Gaussian state with a diagonal density matrix rcm ¼ ∑

i
hðEiÞjEi〉〈Eij,

where h(Ei) is a Gaussian probability. In the interaction picture, the
two optical interactions implemented in the spatially separated holo-
graphic method are described by the unitary operators (31, 38, 40, 47)
U1 ¼ eb1a

†�b�1 a and U2ðxÞ ¼ eb2ðxÞa
†�b2ðxÞ�a , where b1 and b2(x) are

complex coupling constants determined by the field amplitudes, while
a and a† are commutation operators that lower and raise the number of
electron-photon exchanges. Notice that b1 is uniform over the sample
plane, as it is determined by the reflection of the normally incident light,
whereas b2(x) shows a space dependence originating in the phase accu-
mulated during plasmon propagation.

The initial states evolve into

routðxÞ ¼ U2ðxÞU1rU1
†U2ðxÞ† ¼ U totrU tot

†

where U tot ¼ U2ðxÞU1 ¼ ebtota
†�b�tot a with btot = b1 + b2(x).

The calculations shown in Fig. 5 are obtained by taking b1 = 0 and
b2(x) = AeiDφeikx, where A and k are set to 5 and 1, respectively, and
Dφ is the phase difference between the laser pulses used for photo-
emission and SPP generation. In the absence of the first interaction,
we demonstrated the possibility of performing holography with co-
herent electrons, without making use of the reference field.
SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/5/eaav8358/DC1
Note S1. Calculation of group and phase velocities.
Fig. S1. Wavefronts of the plasmons forming the interference pattern for arbitrary light
wavefront tilt (incidence direction in the sample plane).
Movie S1. Plasmon hologram evolution with 0.33-fs time step.
Movie S2. Plasmon hologram evolution over 145-fs delay span.
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